There is a resurgence of interest in the electronic structure of perylene for its applications in molecular devices such as organic photovoltaics and organic light emitting diodes. In this study, we have obtained the low-lying singlet states of perylene by exactly solving the Parisar-Parr-Pople model Hamiltonian of this system with 20 sites and 20 electrons, in the VB basis where dimensionality is ∼ 5.92 billion. The triplet states of perylene are obtained using a DMRG scheme with symmetry adaptation. The one and two photon states are very close in energy ∼ 3.2 eV while the lowest triplet state is slightly below 1.6 eV indicating that perylene is a good candidate for singlet fission.
Introduction
In recent years materials science has been focused on advancement of nanotechnology, based majorly on graphene sheets and similar 2D and quasi one dimensional carbon structures such as nanoflakes, nanotubes and graphene nanoribbons. In this context Polycyclic Aromatic
Hydrocarbons have attracted a great deal of attention because of their potential as active materials in organic optoelectronic devices 1 as well as in biological imaging 2 . Planar PAHs like perylene prove to be a model structure for these low dimensional materials. Perylene C 20 H 12 , a conjugated organic molecule is an important member of PAHs and is also parent material of rylene dyes. Graphene-like structure of perylene (and its imide derivatives)
provides a platform to make 2D organic devices with high carrier mobility and improved efficiency. Over the years, electronic structure of perylene has been extensively studied using many theoretical and computational methods. The crystal and molecular structure of perylene was first reported by Donaldson et al 6 in 1953. The electronic structure of crystalline perylene including van der Walls interactions has been investigated within the framework of Density Functional Theory (DFT-D2 method) by Fedorov et al . 7 The description of potential energy surfaces for intermolecular motion in a dimer of perylene based dyes specially energetics of perylene bisimide (PBI) has been given by Walter 8 using TD-DFT methods. These First principle methods use mean-field potentials, hence they lack the complete description of excited state properties, particularly the triplet state and the two-photon states. Since electron correlation effects are too strong to predict the correct energy spectra without extensive con- The full π-electron configuration space of perylene consists of about 5.9 billion singlets and over 12 billion triplets. Unsubstituted perylene belongs to the D 2 h point group and has approximate electron-hole symmetry. We can obtain exact energy levels of singlets by exploiting these symmetries. The triplet Hilbert space is too large for exact studies even after exploiting all the symmetries. Hence we employ the DMRG method for studying the triplet states. Substituted perylenes do not have electron-hole symmetry and may have spatial symmetry based on the nature of substitution. We have studied symmetrically substituted perylene at the peri or bay sites in Fig 1 using In the next section we discuss the model and the techniques we have employed for solving the models. In the third section we present results on unsubstituted perylene. In section four we discuss results on substituted perylenes. We end with a section on summary and conclusions.
Model Hamiltonian and Methodology

Parisar-Parr-Pople Hamiltonian and parameters
The Parisar-Parr-Pople model 9,10 hamiltonian is defined over the carbon 2p z orbitals involved in π-conjugation and includes explicitly the on-site as well as intersite electron-electron interactions. PPP model consists of two parts; one the non-interacting part which is just the Hückel model with transfer integrals and site energies and the other that includes electronelectron interactions. The electron-electron repulsion integrals are treated within a zero differential overlap (ZDO) approach. The Hamiltonian can be written aŝ
Here t ij is nearest-neighbour transfer term between two bonded sites 'i' and 'j';ĉ The PPP model is a non relativistic model and hence conserves total spin as well as z-component of the total spin. Using Slater determinants as basis allows exploiting only total S z conservation and hence the basis will be huge. We can further factorize the basis by choosing basis function which have a definite total spin. For this we employ a diagrammatic valence bond (DVB) basis which is a complete set of linearly independent but non-orthogonal basis and conserves the total spin as well as z-component of total spin. We have considered the perylene molecule to be planar. symmetry. We cannot exploit the C 2 (x) symmetry as it results in 'illegal' VB diagrams which are difficult to break up into 'legal' VB diagrams . 13 Using these symmetries separately, we have obtained two states in the covalent VB space and two in the ionic VB space. We have then computed the transition dipoles from the ground state to the eigenstates in the ionic VB space and from the polarization direction of the transition dipole, we have obtained the symmetry label of the state in the D 2h point group. We have followed the same approach for the triplet states within the DMRG scheme.
Density Matrix Renormalization Group Method for Perylene
The DMRG algorithm, an iterative block-building scheme for calculation of low-lying eigen states of an interacting hamiltonian, truncates Hilbert space at every step keeping the number of block states which are density matrix eigenvectors, fixed. 14,15 Thus the dimensionality of the truncated Hilbert space is kept almost a constant. The DMRG method is known to be very accurate for gapped one-dimensional systems as the entanglement entropy between two parts of the system remains independent of system size. Thus DMRG accuracy will be the same for all system sizes for the same cut-off in the number of block states. In our case, we have two factors which take the system away from one-dimensionality. The first is the model
Hamiltonian. The intersite interactions in the PPP model renders the system dimension to be the order of the number of sites as each site interacts with every other site. However, in an earlier paper 16 we have shown that the entanglement entropy in the PPP model is not different from that in a Hubbard model and the reason being the intersite interactions are site diagonal and do not contribute significantly to entanglement. The second reason is perylene is not a one-dimensional molecule. However, the extension of the molecule in the two-dimensions in the planar molecule is small. Besides, the topology of the molecule is such that the largest transfer operator is only at most three neighbours away (see Fig 2) .
Therefore, it is possible to build the perylene molecule, such that the entanglement between the two parts of the molecule remains approximately the same and also reasonably small. This is achieved by suitably choosing the sites that are added at each step. Since we are also symmetrizing the scheme, the new sites are also added such that the electron-hole and the C 2 symmetry are retained at every stage of the infinite DMRG scheme. 17 In Fig 2[a] , we
show the infinite DMRG scheme adopted by us. To improve the accuracy of the calculations, we have also carried out finite DMRG sweeps after constructing the molecule in the infinite scheme. In the finite scheme, the C 2 symmetry does not exist when the two blocks of the superblock are of different sizes (see Fig 2[b] ). Hence, we apply the C 2 operation only when the two blocks are related by this symmetry. We have also constructed the average density system. The two-photon intensity calculations are done using a DMRG cut-off of 500 in the unsubstituted perylene molecule. The DMRG method was chosen over the exact method as the exact method was computationally prohibitive. 
Results and discussions
We have organized this section as follows. We first present the results for unsubstituted perylene and then proceed to give results for the substituted perylenes. Under substituted perylene results, we present the results for the bay substitution and peri substitution separately.
Unsubstituted Perylene
Singlet state properties: In eV and the excitation is polarized along the long axis of the molecule. 20 Our calculations are for an isolated molecule and assuming a red shift of 0.4 eV in solution, the lowest singlet energy agrees with the experimental result . 19 We also note that this excitation is polarized along the long axis of the molecule, again in agreement with the experiments. The second lowest energy optical excitation is at 5.199 eV and is polarized along the short axis, which agrees with experiments, if we correct the red shift in solution. The excitation at 4.229 eV is very weak as it has a polarization along the z-axis where the intensity depends on the extent of noncoplanarity of the molecule. Our calculations also predict a two photon state slightly below the one-photon state. This implies that in the gas phase the molecule is not fluorescent, as per Kasha rule. However, in solution, the one-photon state is expected to show a larger red shift and hence in solution perylene is expected to be fluorescent. We have computed the charge gap in perylene, defined as
, where
and E g (P ) are the ground state energies of cation, anion and neutral perylene molecule. The computed charge gap is 6.358 eV, which makes it a very good insulator with a large exciton binding energy of ∼ 3.2 eV.
In principle the two photon absorption cross section can be calculated exactly from the VB theory using a correction vector approach without having to explicitly compute the excited states and the transition dipole matrix elements 21, 22 . However, numerically we found this approach to be very CPU intensive. Instead we have calculated the two photon transition matrix elements within the DMRG scheme, using a correction vector approach. 23 The first order correction vector φ 1 i (ω) for TPA calculation involves solving the linear system
where µ i is the dipole displacement operator for the i th component (i = x, y, z), E G is the ground state energy,hω n = E nAg /2 corresponds to the two photon resonance frequency and H is the Hamiltonian in the covalent A subspace. We have employed the C 2 symmetry about the z-axis, perpendicular to the plane of the molecule. In the DMRG procedure we have used a cut-off of 500 block states and solved for φ
i (±ω n ) by a small matrix technique.
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The TPA transition matrix element S ij (ω n ) is given by
The orientationally averaged two photon cross section can be computed from S ij (ω n ) as
The TPA cross section is given by
where a 0 is the Bohr radius, α is the fine structure constant and c is the velocity of light. We have assumed a brodening parameter Γ of 0.1 eV and g(ω n ) to be a constant set to unity.
In Table 3 we present the results for the TPA cross section for the 3 low-lying states in the A space. absorption by almost a factor of five.
Our calculations are for an idealized geometry. The equilibrium geometry will be distorted from the idealized picture. The bond orders p ij which are defined as − 1 2 ψ Ê ij +Ê ji ψ , for an eigenstate ψ give an insight into the distortion that the molecule has in the equilibrium geometry of the state ψ. Schematic picture of the equilibrium geometries, based on the bond order for the ground state, the one photon and two photon states are shown in Fig 5. The ground state geometry can be described as two weakly linked naphthalene units.
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Within the naphthalene units, the bonds not linked to the sites common to the two rings, has a structure similar to butadiene. In the one photon state, the two naphthalene units are more strongly linked and the central benzene ring is more uniform. The bonds between carbon atoms with three coordinates (site nos. 7, 14 and 9, 12 ) become stronger and hence are expected to shrink. The two photon state shows an altogehter different geometry.
The horizontal bonds in the benzene rings at the corners are shorter or stronger bonds, the central ring has the same bond order pattern as in the one-photon state. The bond between the bay site and the central ring becomes weaker and stretched. The bond order pattern suggests that the stokes shift in the fluorescence of the molecule should be significant.
Triplet state properties:
The triplet gap in perylene is at 1.577 eV, very close to the experimental value of 1.534 eV [25] [26] [27] found in the crystal. The lowest triplet is a covalent triplet and hence only a weak red shift from gas phase to crystalline phase is to be expected.
The second lowest triplet in the covalent space is at 3.426 eV. The ionic triplets are at 4.717 eV and 4.901 eV. Although these two states are close in energy the first ionic state has x-polarization while the second has y-polarization in a one-photon triplet-triplet absorption spectra. The energetic of the lowest excited singlet at 3.232 eV and the two lowest triplet states at 1.577 eV and 3.426 eV satisfy the energy criterion for singlet fission. The triplet excitons of resonably high energy and the second lowest triplet exciton is above the singlet state, preventing an intersystem crossing to this state.
Spin densities:
The spin density of the lowest triplet state is mainly localized at the peri and bay sites of the molecule. The central ring sites has almost no spin density while the remaining sites have slight negative spin densities. The spin densities of the 2 nd covalent triplet state is large at the bay sites but smeared out over rest of the molecule. The spin densities of the lowest ionic triplet state have similar distribution as in the lowest covalent triplet. In the second lowest ionic triplet state, the peri sites have significantly higher spin density, in contrast to the spin density distribution in the second covalent triplet exciton.
Bond orders: Regarding the bond orders of these states, the bonds connecting the two naphthalene units are weak in all the cases, although in the lowest covalent and ionic triplets, it is larger than in the second covalent and ionic triplets. In all the states, the bonds with at least one triply coordinated carbon site are slightly stronger than these inter-naphthalene bonds. The bonds involving the bay and peri sites with the corner sites are stronger than the other bonds. In the first covalent and second ionic triplets the corner and bay bond is weaker than the corner and the peri bond while this switches for the second covalent and the first ionic triplet states. 
Substituted Perylene
In substituted perylenes, two types of substitutions have been widely studied. They are the peri substitution and the bay substitutions. In the peri substituted systems, the diimides and the carboxilates [28] [29] [30] [31] are the substituents that have been studied, while in the bay substitutions, the substituting groups are poly thiophene and bromide groups dipoles of a few low-lying singlet and triplet states. In the singlet space we note that there is a singlet state in the energy range 1.5 to 1.9 eV, while the lowest excited singlet energy reported in the unsubstituted perylene is at 3.19 eV. This is because in the unsubstituted case, the only covalent singlet subspace we explored was the A space. This singlet state of the substituted perylene is therefore arising from the covalent space of B x symmetry of the unsubstituted perylene. This is also borne by the fact that the transition dipole from the ground state to this state is less than 10 −2 Debye. Indeed, this also holds true of the S 3 state in all the substituted molecules. The excitation to S 2 is allowed in P-I, B-I, B-II and B-III but is again almost forbidden in P-II and P-III. The dipole allowed excitation is x-polarized Charge and spin densities: The charge densities in the substituted compounds show the expected trend (see Fig 10) a large positive charge at the donor sites and a large negative charge at the acceptor end with the magnitude at other sites approching zero as the distance from the D-A sites increase. The main difference between the singlet states and the triplet states is that away from the substituted sites, the sites are more neutral in the later case.
The spin densitites in the lowest triplet states of these molecules show very similar trends independent of the substitution pattern or sites of substitutions (see Fig 9) . The spin density is large and positive at the peri sites. The bay sites have slightly smaller positive spin densities. The sites which connect the two naphthalene units have small positive spin densities.
The remaining sites in the central ring have small negative spin density, while the sites 3 and 18 (see Fig 9) have the largest negative spin densities. The positive spin densities are mainly on the peri and the bay sites, while the ortho sites have negative spin densities. This is consistent with the bond orders where the bonding between ortho and bay and ortho and peri are the strongest in the triplet states. Corresponding Author E-mail: geetgiri1@gmail.com
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